A new human liver UDP-glucuronosyltransferase (HlugP4) has been cloned and expressed in cell culture. The expressed enzyme has a molecular mass of 56 kDa and preferentially catalysed the glucuronidation of halogenated and bulky alkyl phenols. The C-terminal half of the sequence (246 amino acids) is 96 % identical with the same portion of HlugP1, whereas the N-terminal half of the deduced protein sequences are only 38 % identical. These results suggest that the two isoenzymes may be derived from the same gene by differential splicing of the gene product.
INTRODUCTION
Human hepatic UDP-glucuronosyltransferases (UDP-GT; EC 2.4.1.17) are a family of microsomal enzymes that catalyse the glucuronidation of many important drugs, xenobiotics and endogenous compounds [1] . Attempts to characterize the microsomal enzymes by conventional purification techniques are often frustrated by the instability of detergent-solubilized UDP-GT and the routine availability of tissue. However, two human liver UDP-GTs have been recently purified and partially characterized [2] , although problems with the instability and reconstitution of these membrane-derived lipid-dependent enzymes have caused inconsistencies in the assessment of their substrate specificities. Further, immunoblotting of human liver microsomes indicated that at least six UDP-GT isoenzymes needed to be purified [3] .
Our strategy was to obtain cDNA clones encoding the human liver UDP-GTs and to stably express these enzymes in cell lines to facilitate assessment of their functional activity. Further, the availability of cDNA clones will allow the investigation of the regulation, differential expression, development and inherited defects of human UDP-GTs. The first human liver UDP-GT cDNA was cloned in 1987 [3] and subsequently transiently expressed in COS-7 cells [4] and stably expressed in V79 cells [5] . Harding et al. [6] reported the isolation of seven human liver UDP-GT cDNA clones which could be separated into two gene families on the basis of their sequence identities. One gene family contained five members, apparently responsible for the metabolism of steroids [7] and bile acids [4] . The second family contained two members, namely HlugPl and HlugP2. HlugPl was expressed in cell cultures and determined to encode a UDP-GT that catalyses the glucuronidation of phenolic compounds [8] . The other member, HlugP2, was not a full-length cDNA, but was determined to be identical with HlugPI in the C-terminal 246-amino-acid sequence, but with only 48 % identity in the Nterminal 145 amino acids [6] .
In the present paper we report the cloning and stable expression of the a new member of this UDP-GT cDNA subfamily, and we discuss the possible genetic derivation of the UDP-GT isoenzymes within this subfamily.
MATERIALS AND METHODS
A human liver cDNA library in AUNI-ZAP was purchased The inserts of the putative primary positives were sized by the PCR using a method adapted from that described by Asundi et al. [11] . Approx. 106 [12] .
Approx. 500 ng of PCR product was electrophoresed through a 0.7 %-agarose gel. The DNA was transferred to a nylon membrane [13] . The blot was probed with the same 32P-labelled cDNA fragment that was used in the primary screen [9] . The products were resolved and detected on an Applied Biosystems 370A automated DNA sequencer (ABI, Foster City, CA, U.S.A.). HlugP4 was subcloned into the expression vector pKCRH2 [15] , kindly provided by Dr. S. Shibahara (Friedrich Meischer Institute, Basel, Switzerland). V79 Chinese-hamster lung fibroblast cells were co-transfected with Semiliki Forest virus and recombinant plasmids containing HlugP4 in the correct orientation with respect to the simian-virus-40 promoter. Geneticinresistant colonies were isolated and cultured as described by Fournel-Gigleux et al. [5] . UDP-GT assays were performed with 0.1 mg of protein from transfected cells or 0.05 mg of microsomal protein as previously described [16] . The following aglycone substrates were used: 1-naphthol, 4-fluorophenol, 4-bromophenol, 4-iodophenol, 4-methylphenol, 4-ethylphenol, 4-propylphenol, 4-t-butylphenol (Aldrich, Gillingham, Dorset, U.K.), 4-chlorophenol (Merck, Poole, Dorset, U.K.), oestriol, androsterone (Sigma, Poole, Dorset, U.K.) and (-)-morphine (Allardyce Chemists, Dundee, Scotland, U.K.).
Protein concentrations were determined by the method of Lowry et al. [17] , with BSA as standard. Immunoblot analysis was performed as described by Coughtrie etal. [18] using the alkaline phosphatase detection system.
RESULTS
More than 1500 recombinant plaques that hybridized to 32P-labelled HlugPI were identified after screening approx. 500000 recombinants of the human liver cDNA library in AUNI-ZAP. The cDNA insert of each putative primary positive was amplified using the PCR, and eight cDNA clones that were longer than 2.3 kb were plaque-purified. Initial sequence data suggested that one cDNA was similar to HlugP1 [8] , whereas two were similar to HlugP2 [6] , and a further two exhibited a strong identity with HlugP3 [19] . The HlugP4 has 34bp and 764bp of 5' and 3' non-coding sequence respectively. These flank an open reading frame of 1 593bp (Fig. 1) . The sequence from base 856 to 2356 of HlugP4 had a high identity (99 %) with three other human UDP-GT cDNAs, HlugPl, HlugP2 and HlugP3 [19] . In this region there were 20 nucleotide differences, and 13 of these fall within the open reading frame of the cDNA. There are two silent point mutations in the coding region; five of the codon changes are for similar amino acids, and the remaining six codon changes are for different amino acids. The differences between the conserved regions of HlugPI and HlugP4 are probably due to interindividual variation, as both clones were isolated from different human liver cDNA libraries.
Trans-lation from base 1 of HlugP4 predicts a protein of 531 amino acid residues. The initiation methionine residue is analogous to the start site in other members of the phenol: UDP-GT cDNA subfamily and conforms to the consensus sequence described by Kozak [20] . The derived amino acid sequence from HlugP4 shows an overall identity of 670% with that obtained from HlugPl. Moreover, when the N-terminal 285 amino acid residues are compared, this identity decreases to 38 %, the Cterminal 246 amino acids being 96 % identical with one another (Fig. 1) .
A stable cell line that expresses HlugP4 was constructed in V79 Chinese-hamster lung fibroblasts as described in the Materials and methods section. A cell line that stably expresses HlugPI was described previously [5] . Samples of both cell lines were subjected to SDS/PAGE and transferred to nitrocellulose (as described in [5] ). The blots were probed with anti-(rat liver UDP-GT) polyclonal antibodies which have previously been shown to cross-react with human UDP-GTs [3] . Fig. 2 shows that the expressed UDP-GTs HlugP4 and HlugPI have molecular masses of 56 and 55 kDa respectively.
The catalytic activity of the HlugP4 cell line was assessed using a large number of aglyclones as putative substrates. The results in Fig. 3 show the data from the expression of HlugP4 and HlugPl compared with the UDP-GT activity in human microsomes. There is a striking similarity in the substrate specificities of the two cloned UDP-GTs towards the halogenated phenols. This was despite the dissimilarity of the variable N-terminal sequence (38 % identity), which is thought to be responsible for aglycone binding [21, 22] . The difference between the two expressed UDP-GTs was their ability to glucuronidate phenols substituted with increasingly bulky alkyl groups. The transferase encododed by HlugPl exhibited a high activity towards planar phenols such as 1-naphthol, 4-methylphenol and 4-ethylphenol. However, expressed HlugP4 showed a higher activity towards 4-propylphenol and 4-t-butylphenol.
Neither of the cloned expressed UDP-GTs catalysed the glucuronidation of (-)-morphine, oestriol or androsterone, although the most suitable endogenous or xenobiotic substrate(s) may remain to be identified.
DISCUSSION
Kinetic studies of human liver microsomal phenol glucuronidation have suggested the existence of more than one UDP-GT catalysing the glucuronidation of phenols [23, 24] . Previously we have described the isolation of a UDP-GT cDNA (HlugPl) that encodes a phenol-glucuronidating transferase [8] . Here we report the cloning and expression of a second UDP-GT (HlugP4) that has a similar functional activity.
Analysis of the substrate specificity of the expressed HlugP4 indicates that this UDP-GT preferentially catalysed the glucuronidation of bulky phenols (see Fig. 3 ). In contrast, the transferase encoded by HlugPI poorly glucuronidated bulky phenols whilst exhibiting a higher activity towards planar phenols (for example l-naphthol). Further, the expressed clones do not appear to accept some steroids or bile acids as substrates.
Interestingly, two other UDP-GT cDNAs (HlugP2 [6] and HlugP3 [19] ) were isolated previously in this laboratory that share an identical C-terminal half with HlugP4 and HlugPl. HlugP2 and HlugP3 correspond to two human bilirubin UDP-GT cDNAs that were reported by Ritter et al. [25] . Therefore four cDNAs encoding UDP-GTs have been isolated with identical C-terminal 246-amino-acid-residue sequences, but variable N-terminal 285-amino-acid sequences. This supports the previous evidence that the N-terminal portion determines the substrate specificity of the transferase [21, 22] .
Evidence from Southern-blot analysis indicates that there is only one copy of the conserved 3' region in the human genome (N. Moghrabi, M. Boxer & B. Burchell, unpublished work). Chromosomal mapping of the sequences encoding the four variable regions using specific probes indicated that all of these sequences were located on human chromosome 2 [26] ; N. Moghrabi, M. Boxer, S. Povey, R. Wooster, L. Sutherland & B. Burchell, unpublished work). These results suggest that at least four isoenzymes may be derived from variable exons and conserved exons within the same gene. The above studies have been authenticated by the work of Ritter et al. [27] . They had reported the isolation of four human cosmid clones that span 110 kb and contain the four constant 3' exons of the phenol/bilirubin UDP-GTs. Moreover, these genomic clones contain six variable 5' exons that include the coding sequence for HlugPl, HUGBrl and HUGBr2 and three other UDP-GTs. It has been proposed that these UDP-GT mRNAs result from alternative splicing from this gene complex. Other examples of differential splicing of a single gene, to obtain functionally different G-proteins and fibronectins, has been previously reported [28, 29] .
The variable 5' exon(s) of HlugP4 had not been identified within the phenol/bilirubin: UDP-GT gene complex. Therefore the complete phenol/bilirubin: UDP-GT gene may cover more than 110 kb and contain more as-yet-unidentified variable 5' exons. Studies of the structure and function of the cloned gene encoding all of these exons is required to explain the derivation and differentially regulated expression of the different isoenzymes. The above gene organization correlates with the structural domains of proteins, as has been suggested for the NADPH: cytochrome P-450 oxidoreductase [30] and lowdensity-liproprotein-receptor genes [31] .
The differential expression of gene products encoded by this phenol/bilirubin UDP-GT gene complex has been illustrated in
Crigler-Najiar-type-1-disease patient livers, where phenol UDP-GT activity was normal but bilirubin UDP-GT was completely abolished [32] . The existence of a similar gene has also been identified in rats ( [33, 34] ; L. Sutherland, D. Clarke, L. Gordon & B. Burchell, unpublished work), where it is known that the phenol-and bilirubin-metabolizing isoforms are regulated differentially during development [18] and by xenobiotic inducers [35] . Therefore further studies of this intriguing gene structure should resolve these unanswered questions about the differential regulation of expression of this subfamily of UDP-GTs and provide an insight to the genetic lesions in inherited hyperbilirubinaemias.
